We numerically demonstrate a novel ultra-broadband polarization-independent metamaterial perfect absorber in the visible and near-infrared region involving the phase-change material Ge 2 Sb 2 Te 5 (GST). The novel perfect absorber scheme consists of an array of high-index strong-absorbance GST square resonators separated from a continuous Au substrate by a low-index lossless dielectric layer (silica) and a high-index GST planar cavity. Three absorption peaks with the maximal absorbance up to 99.94% are achieved, owing to the excitation of plasmon-like dipolar or quadrupole resonances from the high-index GST resonators and cavity resonances generated by the GST planar cavity. The intensities and positions of the absorption peaks show strong dependence on structural parameters. A heat transfer model is used to investigate the temporal variation of temperature within the GST region. The results show that the temperature of amorphous GST can reach up to 433 K of the phase transition temperature from room temperature in just 0.37 ns with a relatively low incident light intensity of 1.11 × 10 8 W∕m 2 , due to the enhanced ultra-broadband light absorbance through strong plasmon resonances and cavity resonance in the absorber. The study suggests a feasible means to lower the power requirements for photonic devices based on a thermal phase change via engineering ultra-broadband light absorbers.
INTRODUCTION
Since creatively proposed by Landy et al. [1] , the concept of metamaterial perfect absorbers (MMPAs) has initiated several new research fields such as photodetectors [2] , photovoltaics [3, 4] , sensors [5] [6] [7] , etc., owing to their near unity absorbance, broadband, and polarization-independent merits. As is well known, MMPAs are resonant metallic nanostructures with unit cells much smaller than the operating wavelength of light [8] [9] [10] [11] , in which the fundamental principle is to minimize the reflectance through impedance matching with free space [1, 12] and to eliminate the transmittance by maximizing the metamaterial losses [1] . As the electric and magnetic resonant frequencies of MMPAs are determined by their geometry, the conventional MMPAs can only produce certain electric and magnetic resonances at the specific wavelengths [13] , which restricts their practical applications. For this, several schemes concentrating on dual-band absorption [14] [15] [16] , multiband absorption [17, 18] , and broadband light absorption at terahertz frequencies [19] [20] [21] [22] [23] [24] generated by MMPAs have been demonstrated, which are more conducive to high-integration optoelectronic applications. For instance, Cui et al. [21] have demonstrated an ultra-broadband thin-film infrared absorber made of saw-toothed anisotropic metamaterial by etching an MM slab into a sawtooth shape with the tooth widths increasing gradually from top to bottom. In another example, Hu et al. [24] reported that the trapping "rainbow" storage of light with metamaterials and plasmonic graded surface gratings produces broadband light absorption by controlling the velocity of light in guided photonic structures. Nevertheless, these structures inevitably become increasingly complex when two or more sub-resonators operating at different wavelengths are compacted in a composite unit cell for the multispectral absorption, which limits practical device applications. To date, although much effort on MMPAs has been proposed, there have been only a few attempts to realize ultra-broadband MMPAs at the visible and near-infrared region via a fairly straightforward process [13] because the resonant elements whose sizes are much smaller than the resonant wavelength are difficult to realize experimentally [25] .
Recently, phase-change materials (PCMs), such as VO 2 and Ge 2 Sb 2 Te 5 (GST), representing one of the best candidates for future electronic FLASH memory, have been widely used in commercial optical disks and rewritable optical data storage media [26, 27] . Moreover, PCMs also have been demonstrated in both nonplasmonic [11, 12] and plasmonic [13] [14] [15] [16] [17] [18] absorbers. As one of the most active PCMs, GST can exhibit an amorphous-to-crystalline phase transition that can be electrically, thermally, or optically manipulated. Generally, the temperature-controlled phase transition of GST is much more preferable due to the nonvolatile property at room temperature and the large contrast of refractive index between different states. Meanwhile, GST also is investigated to show the advantages of a short time (10 ns irradiated by a focused laser) [28] and a lower total optical power or energy [29, 30] for amorphous-to-crystalline transition. Notably, GST has large real and imaginary parts of a refractive index over the entire visible spectra, indicating that it is beneficial to construct a high-index microcavity platform and generate broadband strong absorption by utilizing appropriate structural systems. These advantages suggest that GST could be used to achieve ultra-broadband MMPAs in the visible wavelength region.
In this article, by going beyond the conventional restrictions using metallic or dielectric array as resonators [13] [14] [15] [31] [32] [33] , we attempt to introduce the PCM GST as plasmon-like resonators in MMPAs. Meanwhile, we integrate a high-index planar thin film cavity of GST within the MMPA to boost light absorption. In detail, the novel MMPA is composed of an array of GST resonators separated from a continuous Au substrate by a silica spacer and a high-index GST planar cavity. Herein, the GST resonators are used to provide dipole or quadrupole resonances, and the GST planar cavity is exploited to support cavity modes. By optimizing the structural parameters, we theoretically show that this MMPA yields three absorption peaks with more than 99% absorbance in the wavelength range from 350 to 1500 nm. Additionally, this MMPA also achieves ultra-broadband, polarization-independent absorption properties. The integrated absorption of the MMPA reaches up to 92.9% over the entire light spectra, which has never been achieved by previous simple schemes of design. A heat model is then constructed to investigate the temporal variation of the temperature of the GST region of the MMPA. The results show that the temperature of GST can be raised from room temperature to >481 K in just 0.56 ns with a relatively low incident light intensity of 1.11 × 10 8 W∕m 2 . Hence, such a unique MMPA could be capable of lowering the power requirements for MMPAs based on the thermal phase change, paving the way for the realization of ultrafast photothermal switches, optical storage, solar energy conversion, ultrafast thermophotovoltaic technology, and so on.
DESIGN MODEL AND SIMULATION METHOD
Figure 1(a) shows the structure of the proposed MMPA, where the high-index PCM GST square resonator array is on the top of the low-index dielectric spacer of silica and acts as plasmon-like resonators. The GST resonators are arranged in a square lattice, so that the optical response from this absorber is polarization-independent [13, 34] . The width w and the period p of the square resonators are set to be 160 and 300 nm, respectively. The thickness of the resonators h and the silica spacer film t are 60 and 30 nm, respectively. Subsequently, a GST film with 180 nm in thickness (denoted by T) underneath the silica spacer is sputtered on top of Au substrate with 100 nm in thickness, which ensures that transmission of the structure is totally eliminated. The whole structure resides on a 200 um thick BK7 glass.
A 3D finite-difference time-domain (FDTD) method is employed to simulate the optical properties of the absorber. Taking the periodic nature of the metamaterial absorber into account, the model boundary at x p∕2 and y p∕2 is set to satisfy a periodic condition. Perfectly matched layers (PML) are implemented at the upper and bottom boundary of the model. The totally flat white light with a wavelength range from 350 to 1500 nm propagates along the negative z direction and the E field is polarized in the x direction with an amplitude of E 0 . The optical constant of Au is taken from the data of Palik [35] . The refractive index of silica is set to 1.45. The refractive index of GST in the amorphous phase is obtained from the experimental data in [36] , shown in Fig. 1(d) . It is found that the dielectric constant of GST is dispersive, and the real and imaginary parts of the refractive index of GST are both large in the visible and near-infrared region (NIR) band. As a result, the resonators of GST can be utilized to yield significant optical field coupling with the incident light and lead to strong absorption by the dissipative GST material. The standard deposition technique [37] and the well-developed laser interference lithography (LIL) with dry etching method [38] can be applied to fabricate the proposed MMPA architecture. for this proposed MMPA at the normal TM (or TE) polarized light, where p 300 nm, w 160 nm, h 60 nm, T 180 nm, and t 30 nm, respectively. Simultaneously, the corresponding spectra of a reference planar control device also are given for comparison. As can be seen, the MMPA exhibits three near-zero reflection dips owing to impedance matching to the vacuum, leading to three strong absorption peaks with absorbance of 99.8%, 99.2%, and 99.9% at the wavelength of λ 1 425 nm, λ 2 753 nm, and λ 3 1325 nm, respectively. On the contrary, for the planar control device, its absorbance curve is nearly flat with a low absorbance of 52% across the wavelength range from 350 to 900 nm and only shows one absorption peak at the wavelength of 1400 nm. To be more intuitive, the integrated absorbance for the MMPA and the planar control device with equivalent GST volume is calculated, which are 92.92% and 56.96%, respectively. That is to say, the integrated absorbance of the proposed MMPA is increased by 63.13% over the whole wavelength range compared with that of the planar control one, indicating the proposed MMPA is a highly efficient device for light energy absorption and harvesting. Here, the equivalent GST volume refers to the volume of GST for the MMPA, T × p 2 h × w 2 , which equals to that for the planar control device, T 0 × p 2 .
ABSORPTION ENHANCEMENT FOR MMPA
To gain insight into the effect of the plasmon-like resonators and GST planar cavity on broadening the absorbance spectrum, we alternatively calculate the normalized electric field distributions of the MMPA structures upon normal incidence at the resonant peaks, and the results are shown in Figs. 3(a)-3(c) . Being analogous to the above-mentioned configurations with metallic resonators [13, 29, 34, 39] , the top GST square resonator array replacing the metallic resonator square array within the MMPA can generate electric dipolar/ quadrupole resonances. The electric field at λ 1 is mainly confined at the two top corner areas of the GST resonators and the gap areas between the top resonators and the bottom cavity; thus, it is attributed to the excitation of the dipolar resonance. Meanwhile, the electric fields at λ 2 and λ 3 are primarily concentrated in the corner areas of the GST resonators and are attributed to the excitation of quadrupole resonance. The pronounced distinction between the electric field distributions at λ 2 and λ 3 is that strong cavity resonance emerges at λ 3 , which dramatically broadens the absorption spectrum in the NIR band. To further verify the nature of absorption enhancement, the reflectance and absorbance spectra for the configurations Fig. 2 . 3D FDTD simulation of spectra of (a) reflectance and (b) absorbance for the proposed MMPA, the device with only GST planar cavity, the device with only GST square resonators, and the planar control device with the amorphous GST under the illumination of normal incidence light, respectively. with only the GST resonators (without the GST planar cavity) or with only the GST planar cavity (without the GST resonators) are also shown in Fig. 2 . These spectra indicate that the GST resonators contribute to the absorption enhancement in the visible band, and the GST planar cavity accounts for the near-perfect absorbance in the NIR band.
The lossy nature of GST, manifested by its large imaginary part of refractive index, implies that resistive heat will be generated in the GST metamaterial absorber. The heat power volume density Q d is written as [39] 
where ε 0 is permittivity of vacuum, ω is the angular frequency of the illuminating light, ε r represents the relative permittivity of amorphous GST, and E is the amplitude of electric field within the nanostructure. Figures 3(d) Furthermore, we can find that the dominant portion of heat source is localized at the top GST array and the upper parts of the GST planar cavity at λ 1 and λ 2 . Distinctively at the resonances of λ 3 , the generated heat is mainly confined in the area of constructive interference within the GST planar cavity. All these features coincide with the behaviors of the aforementioned optical absorption enhancement and indicate that the plasmon resonance induced by the GST resonators accompanied with cavity resonance formed within the GST planar cavity obviously boosts the heat power generation and localization during the photothermal process. In order to know how the geometrical parameters of the MMPA, including the period p and the width w of the nanopatterned array, and the thickness T of the GST planar cavity, affect the mode resonances, we perform numerical simulations of the hybrid MMPA, in which only one parameter is variable and the others are kept unchanged. Here, by default, p 300 nm, w 160 nm, and T 180 nm, and other involved geometrical parameters are fixed such that h 60 nm and t 30 nm, respectively. Figure 4 (a) presents the absorption maps as a function of the wavelength and the period p of the MMPA device at the normal incidence case. As the period p increases, the absorbance at λ 1 and λ 2 is obviously suppressed. Moreover, the absorption band at λ 1 redshifts and that at λ 2 significantly blueshifts, leading to the spectral lineshape in the visible wavelength range extremely narrowed down. This feature probably stems from the weakened optical coupling between the adjacent GST resonators. On the contrary, with increasing the GST resonator size, the absorption spectrum in the visible wavelength range shows distinct responses, gradually splitting into two absorption bands at λ 1 and λ 2 [shown in Fig. 4(b) ], which are probably due to the enhanced optical coupling between the GST resonators. Simultaneously, as the width w of the nanopatterned GST array increases, the absorption band at λ 2 , originating from the quadrupole resonance mode, redshifts gradually to approach and couple with the cavity modes at λ 3 . Particularly, the spectral position at λ 3 is almost fixed due to the excitation of the cavity mode, which is independent of the period and width of the GST array.
In general, the resonant frequency of a planar Fabry-Perot (F-P) cavity mode is determined by the formula [40] : Fig. 4 . Contour plot of the absorption spectrum dependence on the (a) lattice period p, the (b) square dimension w, and the (c) thicknesses T of GST planar cavity, respectively. Herein, the other structural parameters are the same as those of Fig. 1(a) . The absorption evolution versus the thicknesses of GST planar cavity for the control device with only GST planar cavity also is depicted in panel (d) as a comparison.
Here k eff is the effective wave vector of the GST planar cavity, φ t and φ b represent the phase shifts at the top and bottom faces of this cavity, and m is a positive integer. Figure 4(c) demonstrates the dependence of absorption spectrum on the incident wavelength and the thickness T of the GST cavity. It is found that the thickness T of the GST cavity has little effect on the absorption spectrum in the visible wavelength range. However, the spectral lineshape of the cavity resonance in the NIR band can be sensitively dependent on T. As T increases under the condition of T < 200 nm, the wavelength of fundamental resonance redshifts approximately linearly as expected, where the contribution of the phase shift can be ignored compared with the F-P mode [41] . When T exceeds 200 nm, other absorption bands corresponding to higher-order cavity resonances emerge. These findings again confirm the great contributions to the MMPA from the optical resonances supported by the GST cavity. Alternatively, the absorption versus T and wavelength for the control configuration with only the GST planar cavity also are investigated, and the result is displayed in Fig. 4(d) . It can be observed that the excited cavity resonance is drastically reduced in strength compared with that for the proposed MMPA, which implies the top GST resonators also play a pronounced role of efficiently harvesting the incident light into the MMPA device.
FAST PHASE TRANSITION OF Ge 2 Sb 2 Te 5
As is well-known, GST is a prototypical and smart material that undergoes a thermally driven amorphous-to-crystalline phase transition at the temperature above 433 K, which takes the material GST from an amorphous state to a polycrystalline cubic state [13] . The thermal control of the phase transition is generally achieved by either photothermal heating or electrical Joule heating [13] . To visualize, we utilize a photothermal heating method to demonstrate the temporal variation of temperature of the GST region for the MMPA and the planar control device by a heat transfer model using the finite element method (FEM) solver within the COMSOL software package.
As previously described, the large imaginary part of refractive index of GST leads to quite strong light absorption in MMPA, which will allow rapidly heating of the GST region to yield a fast phase transition from the amorphous to crystalline state. The involved material thermal properties used for the simulation are summarized in Table 1 . The thermal conductivity of GST dependence on temperature is achieved by experimental data in [43] . In the heat transfer model, supercontinuum lasers were used as the excitation source. The wavelength range of the laser is from 500 to 2400 nm in which the power of the laser is evenly distributed [39] . The laser can emit the nanosecond (ns) pulse, which is a typical Gaussian profile. The incident Gaussian light beam has a repetition rate of f r 25 kHz and pulse duration of 0.15 ns. The light fluence irradiating on the unit cell from a single pulse can be written as [13, 39] 
where P 0 0.35 mW, representing the total power of a single pulse of the incident light shining on the sample, r is the distance from the Gaussian beam center, and w 0 10 μm is the Gaussian beam waist. Because the area of Gaussian beam waist far exceeds the unit cell area of the proposed MMPA structure, the light irradiating into the unit cell can be considered uniform with a light intensity of I 0 1.11 × 10 8 W∕m 2 (i.e., the amplitude of incident electric field E 0 2.9 × 10 5 V∕m). Therefore, the thermal energy absorbed by one unit cell is defined as [13, 39] E th r R a p 2 F l r;
where R a represents the absorption coefficient, 92.92% for MMPA and 56.96% for the planar control device, derived from the overlap between the light source power density spectrum and the metamaterial absorbance spectrum over the wavelength range from 350 to 1500 nm, as shown in Fig. 2(b) . The heat source power is then expressed by a Gaussian pulse function as
where ΔV is the volume of heat generation, τ 0.15 ns represents the temporal duration of the light pulse, t 0 0.3 ns is the time delay of the pulse peak. Figure 5 (a) displays the heat source power Q s r; t for the two structures, where the structures are located at the center of the incident Gaussian light beam. It is found that the heat source power generated by the MMPA is far more than that by the planar control device. Meanwhile, Fig. 5 (b) displays the comparison of temperatures in GST regions for the two structures. We can observe that the temperature of the GST cavity and the resonators in MMPA can reach 433 K (the phase transition temperature of GST) in just 0.37 ns and rise up to a maximum of 481 and 466 K after only 0.56 ns under the quite low incident intensity of 1.11 × 10 8 W∕m 2 . Due to heat dissipation and radiation to the surroundings, the temperature decreases after 0.56 ns before the next pulse injects. As a comparison, the maximum temperature of the GST region in the planar control device is only 418 K, which is lower than the phase transition temperature under the same incident power. A large temperature difference of 63 and 48 K at 0.56 ns within the corresponding GST regions between the MMPA and the planar control device indicates the high efficiency of MMPA for boosting the rate at which heat is delivered to GST regions. Note that the change in the optical properties during the phase transition of GST is not considered. To gain deeper insight, the temperature distributions of the two structures at 0.56 ns are depicted in Figs. 5(c) and 5(d), respectively. One can see that the temperature within the GST cavity and GST resonators is approximately uniform due to their small sizes. Meanwhile, the temperature within [39] amorphous GST cavity of the MMPA is the highest. The cyan arrows representing total heat flux in both of the structures suggest that the dominant temperature gradient is along the same direction as the incident light, indicating that BK7 silica substrate is an effective heat sink [4] . As is described above, once the incident light with threshold intensity irradiates on the MMPA, the absorption/ reflection properties of the scheme will be inevitably altered due to the phase transition of GST, which is a crucial reason for investigating the optical properties for the MMPA device after GST phase transition. Figure 6(a) shows the lineshape of the optical constant of GST after a phase transition. It can be observed that the crystalline GST also possesses a large imaginary part of the refractive index, indicating high absorption behaviors. To confirm this, we overlap the calculated reflectance and absorbance of the MMPA based on crystalline GST with the absorption response of the MMPA before phase transition (with amorphous GST) in Fig. 6(b) . We find that, when switching the GST thin film to crystalline phase, the resonance feature is significantly redshifted, possibly due to more metallike optical properties associated with the crystalline GST thin film [38] . Moreover, two resonant absorption peaks are found at the wavelength of 464 and 933 nm over the observed wavelength band. In order to investigate this optical absorption in this crystalline GST system, we calculate the electromagnetic field distributions at the absorption peaks, as shown in Figs. 6(c) and 6(d). Most of the electromagnetic field energy is confined at the corners of the GST array and the intermediate spacer due to the excitations of dipole and quadrupole resonances, which are analogous to the case of the MMPA before phase transition. In particular, comparing the refractive indices of GST in amorphous and crystalline states as well as referring to Eq. (2), we can speculate that, for the MMPA with crystalline GST, the third absorption peak due to GST cavity mode can still be produced under the incident light but redshifts far away from the wavelength region of interest. Furthermore, the integrated absorbance for the MMPA with crystalline GST over the whole wavelength can reach up to 86.2%, which verifies the feasibility of the proposed MMPA in the applications of solar cells and thermal photovoltaics.
CONCLUSION
In summary, we have demonstrated an MMPA design that exhibits near-perfect polarization-independent and broadband absorbance in the visible and NIR. By investigating the electromagnetic field distributions at the peaks of its absorption spectrum, we find the feature is attributed to the excitations of dipole/quadrupole resonances and cavity resonance due to the involvement of both resonators and cavity based on the GST PCM that possesses large real and imaginary parts of its dielectric constant. Furthermore, a heat transfer model is utilized to predict the temperatures of MMPA and the planar control device. We observe that, under a quite low incident light intensity of 1.11 × 10 8 W∕m 2 , the temperature of GST within MMPA can reach up to 433 K in just 0.37 ns and to 481 K at only 0.56 ns, which triggers the amorphous to crystalline phase transition of GST in a timescale of less than 1 ns. In comparison, the temperature of a reference planar control device only rises up to 418 K, which is lower than the phase transition of GST. Therefore, such an MMPA offers a simple platform to achieve fast and energy-efficient optical devices based on phase transition materials and can be widely applied in biology, optical storage, and thermo-photovoltaic technology.
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